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Ammonia oxidation by microorganisms is a rate-limiting step of the nitrification process
and determines the efficiency of fertilizer utilized by crops. Little is known about the
dynamic response of ammonia-oxidizers to different fertilization regimes in a wheat-rice
rotation system. Here, we examined ammonia-oxidizing bacteria (AOB) and archaea
(AOA) communities across eight representative stages of wheat and rice growth and
under four fertilization regimes: no nitrogen fertilization (NNF), chemical fertilization (CF),
organic-inorganic mixed fertilizer (OIMF) and organic fertilization (OF). The abundance
and composition of ammonia oxidizers were analyzed using quantitative PCR (qPCR) and
terminal restriction fragment length polymorphism (T-RFLP) of their amoA genes. Results
showed that fertilization but not plant growth stages was the best predictor of soil AOB
community abundance and composition. Soils fertilized with more urea-N had higher
AOB abundance, while organic-N input showed little effect on AOB abundance. 109
bp T-RF (Nitrosospira Cluster 3b) and 280 bp T-RF (Nitrosospira Cluster 3c) dominated
the AOB communities with opposing responses to fertilization regimes. Although the
abundance and composition of the AOA community was significantly impacted by
fertilization and plant growth stage, it differed from the AOB community in that there
was no particular trend. In addition, across the whole wheat-rice rotation stages, results
of multiple stepwise linear regression revealed that AOB played a more important role
in ammonia oxidizing process than AOA. This study provided insight into the dynamic
effects of fertilization strategies on the abundance and composition of ammonia-oxidizers
communities, and also offered insights into the potential of managing nitrogen for
sustainable agricultural productivity with respect to soil ammonia-oxidizers.
Keywords: ammonia-oxidizers community, nitrification, fertilization regime, dynamic variation, wheat-rice rotation
system
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INTRODUCTION
Ammonia oxidation by microorganisms is the first step of
nitrification. It is a rate-limiting step of the nitrification
process and influences the efficiency of fertilizer utilized by
crops (Kowalchuk and Stephen, 2001). Traditionally, ammonia-
oxidizing bacteria (AOB) of the β- and γ- subclasses of
Proteobacteria were thought to be the exclusively contributor
to this key process. However, this view was challenged by the
discovery of the function and transcription of the amoA gene
in archaeal ammonia-oxidizer (AOA) (Könneke et al., 2005;
Treusch et al., 2005; Prosser and Nicol, 2008). In fact, further
research revealed that the abundance of AOA was higher than
the abundance of AOB in most of soils (Leininger et al., 2006;
He et al., 2007; Shen et al., 2008). Although AOA are more
abundant in most soils, and have the capabilities for mixotrophic
growth, AOB do have significantly higher specific cell activity
(Prosser and Nicol, 2012). Therefore, the functional importance
of AOA and AOB in different environmental conditions tends to
be disparate. AOAmight play a dominant role in the nitrification
process in soils with low ammonia content, high acidity, or low
oxygen conditions (Zhang et al., 2010, 2012), while AOB may
contribute more to the nitrification process in neutral of alkaline
soils, or in soils with a higher ammonia content (Shen et al., 2012;
Ke et al., 2013).
Ammonia-oxidizing bacteria (AOB) are sensitive to changes
in soil conditions and are considered as an indicator of soil
disturbance (Kowalchuk and Stephen, 2001; Ceccherini et al.,
2007; e Silva et al., 2013). In most arable soils, AOB are
dominated by Nitrosospira Clusters 2, 3, and 4 (Prosser and
Nicol, 2008), and Cluster 3 is in generally ubiquitous in soil
(Fierer et al., 2009; Ai et al., 2013). Different phylotypes of
AOB generally had different response to the fertilizer inputs
(Bruns et al., 1999; Chu et al., 2007, 2009). In terms of AOA,
although not as sensitive as AOB, there were also lots of
researches reported that AOA abundance could be changed
by different fertilization regimes in arable soils (Chu et al.,
2008; Kelly et al., 2011; Peng et al., 2013). As reviewed by
Zhalnina et al. (2012), soils with higher organic matter should
be expected to have a higher AOA abundance (Stopnišek et al.,
2010), and organic fertilizer treatments tended to have higher
archaeal 16S rRNA abundance. Xu et al. (2012) further revealed
that addition of root extract as an organic amendment to the
AOA enrichment culture could increase the abundance of 1.1b
clade.
Winter wheat and summer rice rotation cultivation patterns
provided a critical source of food security for hundreds of
millions of people (Dawe et al., 2004). In addition, due to
frequent oxic/anoxic alternations caused by water management
and the rice rhizosphere, this rotation system may serve as
a model ecosystem for analyzing the ecology of microbial
communities and biogeochemical processes (Liesack et al.,
2000; Noll et al., 2005). For decades, nitrogen (N) fertilizer
inputs significantly changed the soil ammonia-oxidizers of this
ecosystem. As reviewed previously (Shen et al., 2012), the
abundance and composition of AOB communities, but not AOA
communities, were significantly changed by different fertilization
treatments in most Chinese paddy soils. AOA communities
were also more responsive to fertilization at low pH conditions
(Chen et al., 2011; Shen et al., 2012). In addition, multiple
environmental conditions varied with the wheat-rice rotation
stages, which also influenced the abundance and composition
of ammonia-oxidizer communities (Erguder et al., 2009). Of
these varied environmental conditions, soil temperature (Tourna
et al., 2008), different root exudates of wheat and rice (Chen
et al., 2008) and the waterlogged management of rice crop
(Fujii et al., 2010) were particularly important. Nevertheless,
little is known about the dynamic changes of ammonia-
oxidizers communities considering both plant growth stage
and fertilization regime in the wheat-rice rotation system.
Particularly, the respective contributions of AOA and AOB to
nitrification during the entire wheat-rice rotation seasons remain
unclear.
Therefore, we studied the abundance and composition of
ammonia-oxidizer populations based on long-term fertilization
of experimental fields over the course of eight seasons during
a wheat-rice rotation. We also wanted to determine which
played more important role of AOB and AOA in the ammonia
oxidization process during a wheat-rice rotation stages. Real-time
qPCR and T-RFLP fingerprinting combined with clone libraries
targeting amoA genes were used to characterize the AOB and
AOA communities.
MATERIALS AND METHODS
Sample Collection and Soil
Characterization
Soil samples were collected from a long-term experimental field
as described in our previous studies (Wang et al., 2016a,b).
Briefly, four fertilization regimes with three replicates including
(1) no N fertilizer (NNF) with application of application of
750 kg ha−1 superphosphate (12% P2O5) and 183 kg ha−1
potassium chloride (60% K2O); (2) NPK chemical fertilizer
(CF) with application of 391 kg ha−1 urea (46% N), 750 kg
ha−1 superphosphate and 183 kg ha−1 potassium chloride; (3)
organic-inorganic mixed fertilizer (OIMF) with application of
1500 kg ha−1 OIMF (11.0% organic C, 12.0% total N, 4.1% P2O5,
and 4.1% K2O), and with an extra application of 28.5 kg ha−1
superphosphate and 48.5 kg ha−1 potassium chloride to reach
total quantities of N, P2O5 and K2O that were equal to the CF
plots; (4) organic fertilizer (OF) with 4500 kg ha−1 pure organic
fertilizer (26.4% organic C, 2.5% total N, 1.6% P2O5, and 1.3%
K2O,made of composted rice straw and pigmanure by Tianniang
Ltd. of Changshu, China), which had less N inputs than that in
CF and OIMF treatments. All fertilizers were applied as basal
fertilizers twice in October 25th 2012 and June 4th 2013.
Soil samples were collected to a depth of 0–20 cm in 2013 on
March 1st (Mar, wheat tillering), April 1st (Apr, wheat jointing),
May 1st (May, wheat heading), June 4th (Jun, wheat ripening),
July 7th (Jul, rice tillering), August 16th (Aug, rice jointing),
September 15th (Sep, rice heading), and October 31st (Oct,
rice ripening). 4 cores (5 cm in diameter) of soil samples were
randomly collected at each plot (6× 7m in size). The soil samples
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were sieved to remove the plant materials, roots and stones.
Additional details about the field sites and soil collection can be
found in our previous study (Wang et al., 2016a,b).
The data of following soil characteristics were collected
from our previous study (Wang et al., 2016a) and used in
the subsequent statistical analyses: soil organic carbon content
(SOC), soil moisture, soil nitrate (NO−3 ) and ammonium
(NH4+) contents, soil available potassium content (AK), soil
available phosphorus content (AP), soil total N content (TN), soil
pH and electrical conductivity (EC). These data were also shown
in Table S1. The details on the analysis of soil properties can be
found in previous studies (Wang et al., 2016a).
Chlorate inhibition method (Kurola et al., 2005) was used
to measure soil potential nitrification rate (PNR) with minor
modifications: 5.0 g fresh soil was agitated in 20 ml of phosphate
buffer solution (NaCl, 8.0 g L−1; KCl, 0.2 g L−1; Na2HPO4, 0.2 g
L−1; NaH2PO4, 0.2 g L−1; pH 7.4) with 1 mM (NH4)2SO4.
To inhibit nitrite oxidation, a final concentration of 10 mM
potassium chlorate was added to the tube. After incubating the
suspension for 24 h on a rotary shaker at 25◦C and 170 rpm,
NO−2 -N was extracted by 5 ml of 2 M KCl and determined
by a spectrophotometrically at 540 nm with N-(1-naphthyl)
ethylenediamine dihydrochloride.
DNA Extraction and Quantitative
Real-Time PCR Assay
The Methods of DNA extraction and qPCR of the AOB and
AOA amoA genes were described previously (Wang et al.,
2014b). Briefly, qPCR reactions were performed using the
SYBR R© Premix Ex TaqTM (Perfect Real Time) kit (TaKaRa
Biotechnology Co., Dalian, China). Each reaction containing
12.5µL of SYBR R© Premix Ex TaqTM (2×, Takara), 0.5µL
ROX Reference dye II (50×, TaKaRa), 10µL dd H2O,
0.5µL (5µM) of each primer and 1µL (∼10–30 ng) DNA
template. The amoA gene primers of AOB were amoA-
1F (5′-GGGGTTTCTACTGGTGGT-3′) and amoA-2R (5′-
CCCCTCKGSAAAGCCTTCTTC-3′) and yielded a fragment of
491 bp in length (McTavish et al., 1993), the amoA gene primers
of AOA were Arch-amoAF (5′-STAATGGTCTGGCTTAGACG-
3′) and Arch-amoAR (5′-GCGGCCATCCATCTGTATGT-3′)
and yield a fragment of 635 bp in length (Francis et al., 2005).
The PCR protocol included an initial activation step at 95◦C
for 30 s, and then 40 cycles at 95◦C for 5 s, and 34 s at 60◦C.
PCR products of AOB and AOA amoA gene fragments from soil
samples were used to insert into PMD-19 plasmid, respectively,
and the right genes inserts were chosen after sequencing and
BLAST in GenBank on the NCBI’s homepage (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) to serve as standards and positive controls.
The standard plasmids were quantified using a Nanodrop
ND-2000 UV–Vis Spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). Standard curves were developed by
serially diluting plasmid to the final concentrations of 108–
102 gene copies/µL. The standards and the DNA samples were
performed on the same plate. A negative control was always run
with water as template instead of DNA sample. The qPCR was
performed in duplicates and the efficiencies of qPCR ranged from
90 to 110%, and the R2-values of the standards were higher than
0.99. CT (Cycle Threshold) values were used to calculate the
numbers of AOB and AOA amoA gene abundance according to
Harter et al. (2014). The possible PCR inhibitors of the DNA
samples were determined by serial dilutions, and no severe
inhibition was found.
T-RFLP Analysis of Bacterial and Archaeal
amoA Genes
The T-RFLP analysis of the amoA genes were used to analyze
both bacterial and archaeal ammonia-oxidizers community
composition. The PCR reaction was performed in a 25µL
volume containing 10.5µL of ddH2O, 12.5µL of Premix
TaqTM (2×) Version 2.0 (TaKaRa), 1µL DNA template (∼10–
30 ng), 0.5µL forward primer (5µM) labeled with 6-FAM (6-
carboxyfluorescein) at the 5′ end, 0.5µL reverse primer (5µM).
The same primers of qPCR were used in the T-RFLP analyses.
The PCR protocols for both bacterial and archaeal amoA genes
were replicated three times using the following programs: 5
min at 94◦C for initial denaturing, followed by 33 cycles of
94◦C for 30 s, 55◦C for 45 s, and 72◦C for 45 s with the final
extension for 10 min at 72◦C. After amplification, the triplicate
PCR reactions were pooled and purified using the PCR cleanup
Kit (Axygen Biosciences, Union City, CA, USA). The purification
PCR products were digested with 10 units of restriction enzyme
MboI (TaKaRa) at 37◦C for 6 h and then denatured at 80◦C for
10 min. Capillary electrophoresis was used to separate samples
and then the precise lengths of the T-RFs were estimated, the
injection time for the samples was set to 15 s at a voltage of
1.5 kV, and the separation of the fragments was done by capillary
electrophoresis at 8.5 kV on a 36 cm array for 1 h by ABI 3730xl
DNA Analyzer (Applied Biosystems). GeneMapper 4.0 software
(Applied Biosystems) was used to generate the T-RFLP profiles.
The T-RFLP lengths ranged from 50 to 500 bp in size were
considered for the further analyses. The relative abundance of
the T-RFs at ± 1 bp were calculated as the percentages of total
peak area in the T-RFLP profile to normalize the variation among
samples caused by the DNA loading amounts to the capillary, and
the T-RFs with relative abundance <1% were excluded from the
further analyses.
Clone, Sequencing, and Phylogenetic
Analysis of Bacterial and Archaeal amoA
Genes
In order to identify the main T-RFs of the AOB and AOA T-
RFLP profiles, bacterial and archaeal amoA genes clone libraries
were constructed using the same primers as T-RFLP but without
6-FAM labeled. Soil samples were random chosen to establish
clone libraries. The purified PCR products were cloned into
the PMD19-T plasmid and introduced into competent E. coli
Top 10 cells. Totally 74 clones of AOB and 67 clones of AOA
were sequenced using ABI PRISM 3730 sequencer (Applied
Biosystems). The obtained sequences with more than 90%
identity with each other were grouped into the same operational
taxonomic unit (OTU) using Mothur (Schloss et al., 2009). Only
one representative sequence of each OTU was compared using
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BLAST. Typical sequence in our T-RFLP experiment and their
related sequences obtained by BLAST were chosen to construct
the neighbor-joining tree using MEGA version 6.0 (Tamura
et al., 2013). The virtual digests with MboI were carried out
on the sequences retrieved from the clone libraries to allow the
assignment of phylogenetic identity to individual T-RFs. As the
sizes of T-RFs labeled with 6FAM can be underestimated (Schütte
et al., 2008), we further referred to the clone library of T-RF sizes.
The sequences obtained in this study have deposited in
GenBank under the Accession Numbers KX137040 to KX137113
for AOB amoA gene and KY501152 to KY501218 for AOA amoA
gene.
Statistical Analyses
The effects of crops growth stages and fertilization regime and
their interactions on the abundance of bacterial and archaeal
amoA genes (log10-transformed to normalize the data) and
soil PNR were performed with two-way analysis of variance
(ANOVA). Because the interactions were significant (P < 0.05),
the Tukey’s HSD test (one-way ANOVA) was performed
eight times to determine the effects of different fertilization
regimes on PNR and the abundance of bacterial and archaeal
amoA genes within each sampling time, letters not shared
across columns within one sampling time indicate significant
differences (P < 0.05). The relationships of amoA gene copies
(log10-transformed) and soil properties were performed using
Spearman correlation analyses. The multiple stepwise linear
regression was performed to determine the variation of PNR
that explained by AOB and AOA and all the measured soil
parameters. ANOVAs, correlation analyses and multiple stepwise
linear regression were performed using SPSS 17.0.
To determine the influence of crop’s growth stages and
fertilization regime on the T-RFLP profiles of both bacterial
and archaeal amoA genes, permutational multivariate analysis
was performed. Redundancy analysis (RDA) was performed to
analyze the relationships between soil properties and T-RFLP
profiles of bacterial and archaeal amoA genes, and followed by
999 permutations to test the significance. The permutational
multivariate analyses and RDA were performed in R software
(Team, 2014) with the package “vegan.”
RESULTS
Soil PNR
Soil PNR was significantly affected by plant growth and
fertilization, and the effects of fertilization were more important
(Table S2). The three fertilization treatments with N inputs had
higher PNR than that of the NNF treatment (Figure 1). In
addition, the interactive effect between these two factors on soil
PNR was also significant. By using a multiple stepwise linear
regression, bacterial amoA gene abundance was the best predictor
for soil PNR explaining 48.7% (P < 0.001) of the PNR variation,
whereas archaeal amoA gene abundance only accounted for 6.7%
of the variation; soil properties of SOC, NH+4 , NO
−
3 , soil moisture
and soil pH also played significant (P < 0.05) roles in the
variation of PNR, which accounted for 11.5, 7.9, 1.6, 1.3, and
1.9%, respectively.
FIGURE 1 | Dynamic changes of soil potential nitrification rate (PNR)
during the wheat and rice growth stages. Values are presented as mean
± SE (n = 3). Letters not shared across columns within one sampling time
indicate significant differences (Tukey, P < 0.05) among four fertilizer
treatments. NNF, no nitrogen fertilizer; CF, chemical fertilizer; OIMF,
organic-inorganic mixed fertilizer; OF, organic fertilizer.
Abundance of Ammonia Oxidizers
As shown in Figure 2A, the abundance of AOB ranged from
2.16 × 105 to 2.82 × 106 copies g−1 dry soil, which was
significantly affected by plant growth stage and fertilization and
their interaction (Table S2). Compared with plant growth stage,
the effect of fertilization on the AOB abundance was more
important (P < 0.001). CF treatment had the largest AOB
population sizes among the four fertilization regimes, and were
8.2 times as high as that in the NNF treatment in an average
throughout all the sampling times. Although less than the CF
treatment, OIMF treatment had higher AOB abundance than
that of the NNF treatments across the whole stages. OF treatment
had a large amount of N application (113 kg N ha−1), although
less than that in CF and OIMF treatments (180 kg N ha−1),
however, OF treatment had a similar low AOB abundance with
NNF treatment. AOB abundance also shifted with different plant
growth stages. Generally, AOB abundance increased starting at
the wheat tillering stage and peaked in the wheat heading stage.
This was followed by a gentle decrease in the wheat ripening and
rice tillering stages. AOB abundance reached its last peak in the
rice heading stage.
AOA abundance ranged from 5.71× 106 to 4.21× 107 copies
g−1 dry soil (Figure 2B). The ratios of AOA to AOB amoA
gene copy numbers ranged from 2 to 127 in all soil samples,
indicating that the AOA abundance was higher than that of AOB.
The abundance of AOA was also significantly affected by plant
growth stage and fertilization and their interaction (Table S2),
albeit without particular trend. For instance, OF treatment had
the highest AOA abundance in Mar, but in Sep and Oct, the
highest abundance was CF treatment, while in the other sampling
times, there was no significant difference (P < 0.05) among the
four fertilization treatments (Figure 2B). AOA abundance also
tended to increase from the wheat tillering stage and peak in the
wheat heading stage. This is followed by a gentle decrease in the
wheat ripening and rice tillering stages. AOA abundance reaches
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FIGURE 2 | Dynamic changes of the abundance of bacterial amoA gene
copies (A) and archaeal amoA gene copies (B) during the wheat and rice
growth stages. Values are presented as mean ± SE (n = 3). Letters not shared
across columns within one sampling time indicate significant differences
(Tukey, P < 0.05) among four fertilizer treatments. NNF no nitrogen fertilizer, CF,
chemical fertilizer; OIMF, organic-inorganic mixed fertilizer; OF, organic fertilizer.
its final peak in the rice heading stage. In addition, compared
with the AOB (F-values, Table S2), both plant growth stage and
fertilization had less impacts on the AOA abundance.
Community Compositions of Ammonia
Oxidizers
As shown in Figure 3, the predominant T-RFs of the AOB
community were 109 bp and 280 bp. Application of different
fertilizers had a great impact on soil AOB community
compositions (Table 1), while the AOB composition of CF
resemble that of the OIMF (P > 0.01, Table S3). The relative
abundance of 109 bp T-RF was significantly enhanced by CF
and OIMF treatments across the whole wheat-rice rotation
season. While the T-RF of 280 bp dominated in the NNF
and OF treatments across the whole sampling seasons. Further
phylogenetic analysis of AOB amoA gene revealed that 109 bp
T-RF belonged to Nitrosospira amoA Cluster 3b, and 280 bp
T-RF belonged to Nitrosospira amoA Cluster 3c (Figure 5A).
Permutational multivariate analyses showed that the effect of
plant growth stage on AOB community composition was slight
(P > 0.01), we also could not detected apparent different AOB
community composition of these eight plant growth stages.
As for the AOA community composition, the 445, 420, and
423 bp T-RFs were the dominant group, which accounted for
87% on average of the total AOA community (Figure 4). Further
Phylogenetic analysis of AOA amoA gene revealed that T-RFs
of both 445 bp and 331 bp were assigned to two clusters
of Nitrososphaera and Nitrosopumilus, T-RF of 423 bp was
only assigned to Nitrososphaera cluster (Figure 5B). Fertilization
and plant growth stage significantly changed AOA community
composition, by comparing the R2-values, the interaction of
these two factors had the greatest influence on AOA community
composition (Table 1). In contrast to the AOB composition,
the effect of fertilization regime on the AOA community
composition was weaker, and no clear pattern was obtained
(Figure 4).
Linking the Ammonia Oxidizers
Populations to Soil Properties
Correlation analysis was used to determine the relationships
between the abundance of ammonia oxidizers and soil
characteristics. As shown in Table 2, soil NH+4 , NO
−
3 , and
the AN contents were significantly (P < 0.05) positively
correlated with the AOB abundance, while the soil AK, soil EC
and soil pH were significantly negatively correlated with the AOB
abundance. For the AOA abundance, significantly (P < 0.05)
relationship was only found with the soil NH+4 content. Soil PNR
was significantly (P < 0.01) correlated with the AOB abundance
but not with the AOA abundance, similar to the results of the
multiple stepwise linear regression.
Redundancy analysis (RDA) and permutation tests were used
to determine the relationships between the soil characteristics
and composition of AOB and AOA (Figure 6). The results
showed that soil EC, pH, SOC, AK, TN, NO−3 , and NH
+
4 contents
were the important (P < 0.05) soil properties influencing
the AOB community composition, and the AOA composition
were driven by all the soil properties. Besides, soil PNR was
significantly correlated with the AOB composition but not with
that of AOA.
DISCUSSION
Effects of Fertilization Regimes on AOB
Abundance and Composition
Previously, we have studied the effects of fertilizations and
sampling times on the total bacteria communities (Wang et al.,
2016a). The results of our previous study showed that although
organic fertilization (OF) tended to increase the bacteria 16S
rRNA gene copies and the relative abundance of copiotrophs,
plant growth stage played a central role in bacterial composition
and abundance (Wang et al., 2016a). In the present study, on the
contrary, fertilization regimes instead of different plant growth
stages strongly influencing the abundance and composition of
AOB population. These results suggested that AOB was the
sensitive composition of bacteria to the change of N inputs and
could be used as an indicator to soil N availability (Ceccherini
et al., 2007; e Silva et al., 2013).
The addition of different fertilizers altered soil properties by
changing the amount and forms of nutrients, which in turn
changed the soil AOB communities. The plots receiving N
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FIGURE 3 | Relative abundance of T-RFs for AOB under four fertilization regimes across eight wheat and rice growth seasons. Three replicate T-RFs
profiles of each sample were averaged into one consensus profile. NNF no nitrogen fertilizer, CF, chemical fertilizer; OIMF, organic-inorganic mixed fertilizer; OF, organic
fertilizer.
TABLE 1 | Permutational multivariate analyses for the effects of
fertilization regimes (Fert) and plant growth stages (Time) on bacterial and
archaeal amoA genes T-RFLP profiles.
AOB AOA
R2a Pr (>F)b R2 Pr (>F)
Fert 0.644 0.001 0.123 0.001
Time 0.058 0.021 0.276 0.001
Fert*Time 0.376 0.001 0.450 0.001
aR2-value (effect size) shows the percentage of variation explained by the categories.
bSignificant differences (P < 0.01) are indicated in bold.
fertilizers had a higher AOB abundance as compared with soil
without N fertilizer, consistent with previous studies based on
agricultural soils (Leininger et al., 2006; Shen et al., 2008; Di et al.,
2010). Urea-N inputs increased the amount of ammonium-N in
soils, which is the substrate that supplies energy for ammonia
oxidizers and can be directly attributed for the increase in AOB
abundance. The soils with higher amounts of ammonium-N
also contained higher abundance of AOB had been reported by
lots of previous studies (Jia and Conrad, 2009; Höfferle et al.,
2010), the tight relationship between ammonium content and
AOB abundance was also detected in present study. However,
lower AOB abundance in soils treated with OIMF as compared
to CF and similar AOB abundance in soils treated with OF or
NNF indicated that organic-N inputting had a low impact on
AOB abundance. We hypothesized that the organic-N should
be mineralized into available N when utilized by AOB, but
the slow release of nutrient would increase the competition
between AOB and heterotrophs and plants (Lage et al., 2010).
Soil pH significantly negatively influenced the AOB abundance
as revealed by the correlation analysis. The relationship between
soil pH and AOB abundance has been reported (Nicol et al.,
2008; Bru et al., 2011; Yao et al., 2011), however, most of the
previous studies were based on high pH gradient soils, whereas
the pH range in our soil was only 1.5 units (6.5–8.0) showing that
moderately acidic rather than moderately alkaline soil conditions
are a suitable environment for AOB.
Using phylogenetic cluster analysis of the amoA gene, we
determined that the majority of AOB were 109 and 280 bp T-
RFs, which belonged to Nitrosospira-like Cluster 3, this result
is consistent with other researches based on arable soils (Shen
et al., 2008; Chu et al., 2009). In addition, our results apparently
revealed that different fertilization regimes changed the AOB
composition especially the relative abundance of the 109 and 280
bp T-RFs, which inferred that Cluster 3 were high variation under
different fertilization treatments (Chu et al., 2007). Furthermore,
the higher urea fertilization tended to have higher relative
abundance of Cluster 3b (109 bp T-RF), but lower relative
abundacne of Cluster 3c (280 bp). This result indicated that
Nitrosospira 3b had a higher N demond than Cluster 3c. Previous
study revealed that soil higher availiable N contents tended to
has higher relative abundance of Cluster 3b (Chu et al., 2007;
Shen et al., 2008), corresponding with our result. The effect of
fertilizations on Nitrosospira 3c was not often reported, a recent
research revealed that the relative abundance of Cluster 3c was
dominated in the control treatment, which was higher than that
in N fertilization treatments (Xue et al., 2016).
Effects of Fertilization Regimes on AOA
Abundance and Compositions
In the present study, the results of T-RFLP revealed that
the predominated T-RFs were 445, 423, and 420 bp, which
indicated that Nitrososphaera and Nitrosopumilus clusters were
the most abundant compositions of AOA communities. As
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FIGURE 4 | Relative abundance of T-RFs for AOA under four fertilization regimes across eight wheat and rice growth seasons. Three replicate T-RFs
profiles of each sample were averaged into one consensus profile. NNF no nitrogen fertilizer, CF, chemical fertilizer; OIMF, organic-inorganic mixed fertilizer; OF, organic
fertilizer.
FIGURE 5 | Neighbor-joining trees based on partial bacterial amoA genes (A) and archaeal amoA genes (B). Names of sequences obtained in this study are
marked in bold, the numbers in parenthesizes are their respective T-RF sizes belonging to the OTU. Bootstrap analysis of 1000 replicates values are shown next to
each node.
TABLE 2 | Spearman correlation analyses of soil properties and PNR and amoA gene abundances of AOB and AOA.




AK AP TN EC pH AN temperature PNR
AOB −0.101 −0.061 0.203* 0.348** −0.537** −0.085 0.035 −0.323** −0.537** 0.414** 0.066 0.638**
AOA 0.050 0.030 0.210* −0.006 −0.152 0.038 0.069 −0.194 −0.197 0.069 0.061 −0.005
aSOC, stands for soil organic carbon; TN, stands for total nitrogen; EC, stands for electrical conductivity; AK, stands for available K; AP, stands for available P; PNR, stands for soil
potential nitrification rate.
*Indicate significant correlations at P < 0.05, ** indicate significant correlations at P < 0.01.
shown in Table S2 and documented by several previous studies
(Santoro et al., 2008; Hai et al., 2009), the abundance and
composition of AOA community tended to be insensitive to the
change of environmental conditions and fertilization regimes
compared with the AOB community. Additionally, there was
no particular trend when we made a general survey of the
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FIGURE 6 | Redundancy analysis (RDA) of the correlation of soil properties and potential nitrification rate (PNR) with AOB community structure (A) and
AOA community structure (B). In the right panel, the soil properties were fitted to the ordination plots using 999 permutations test (P-values). Soil properties
abbreviations: SOC, soil organic carbon; TN, total nitrogen; EC, electrical conductivity; AK, available K; AP, available P; NNF, no nitrogen fertilizer; CF, chemical
fertilizer; OIMF, organic-inorganic mixed fertilizer; OF, organic fertilizer. * Indicate significant correlations at P < 0.05, ** indicate significant correlations at P < 0.01,
***indicate significant correlations at P < 0.001.
archaeal amoA gene copies and the T-RFs profiles across the
eight wheat-rice rotation seasons. These results were most
likely caused by the mixotrophic lifestyle of AOA (Nicol and
Schleper, 2006; Prosser and Nicol, 2012). That is, AOA could
not only achieve energy from oxidizing ammonia to nitrite as
autotrophs, but also assimilate the carbon and energy source
from organic substrates as heterotrophs. At different sampling
times, the effects of plant growth, temperature, and some
other factors (Erguder et al., 2009), might have caused the
AOA to alter their life strategies between autotrophic and
heterotrophic, which could explain their disordered response to
fertilization regimes. Indeed, the effects of fertilizations on the
AOA abundance and composition were very different in previous
studies. For instance, some studies revealed that the fertilizations
had significant effects on AOB but not AOA abundance and
composition (Shen et al., 2008; Wang et al., 2009; Wu et al.,
2011), while some studies documented that AOA abundance
and composition were sensitive to different fertilization regimes
(He et al., 2007; Wessén et al., 2010; Chen et al., 2011). The
use of only one sampling time could be the cause of these
discrepant results in previous studies, it is possible that they
were influenced by stochasticity and perturbations caused by
varied weather conditions or human activity. Therefore, our
research methodology using eight sampling times can provide a
more scientific insight on the response of AOA community to
fertilizations.
Surprisingly, the composition of AOA significantly correlated
with all the measured soil properties showing the intensive
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relationships between the environmental factors and AOA
composition. This was also demonstrated by other past studies
based on paddy soil (Wang et al., 2014a). These results might
be also be explained by the mixotrophic lifestyle of AOA, and
indicate that a single parameter cannot determine the soil AOA
composition (Prosser and Nicol, 2012).
Effects of Plant Growth Stages on
Ammonia-Oxidizers
Different sampling times with wheat and rice growth stages
also significantly influenced the abundances and compositions
of both AOB and AOA. Several factors might contribute to this
variation. As discussed by Erguder et al. (2009), different species
of ammonia-oxidizing microbes have different optimal growth
temperatures. This, coupled with the large soil temperature range
in the present study, 8.9◦ to 31.1◦C, may be partially responsible
for differences in AOB and AOA abundance and composition.
We also showed that soil temperature significantly effects the
composition of AOA (Figure 6B). The effects of temperature
on the composition of ammonia-oxidizers were also shown
in a microcosm study (Tourna et al., 2008). In addition, the
peak abundances of AOB and AOA were found in the most
vigorous growth (head stages) of wheat and rice, which was
consistent with the total bacterial 16S rRNA gene copies in
our previous study (Wang et al., 2016a). This result indicated
that the growth of crops could also stimulate the ammonia-
oxidizers populations (Simon et al., 2000; Herrmann et al., 2008).
Another important factor associated with plant growth stages
was water management. From July 10th to September 30th, the
rice plots were flooded with 5 cm of standing water, which
might cause the depletion of soil oxygen contents. Logically,
the abundance of amoA gene copies would decrease sharply
after flooding, as described in a previous study (Fujii et al.,
2010); however, we did not see a decrease in the abundance
of amoA gene copies from Jun to Jul in either AOB or
AOA. After flooding, there is an oxygen gradient established
in the uppermost 2 mm of the paddy soil (Noll et al., 2005)
and in a shallow zone around the roots of rice (Revsbech
et al., 1999); therefore, we presume that the release of oxygen
from rice rhizosphere might allow for nitrification and the
growth of ammonia-oxidizers, as suggested by Liesack et al.
(2000).
Soil PNR
Quantitative PCR (qPCR) revealed that AOA had a greater
amount of amoA gene copies as compared to AOB, but numerical
dominance does not accurately represent functional importance
(Jia and Conrad, 2009; Wang and Gu, 2013). As revealed by
the multiple stepwise linear regression, correlation analysis and
RDA analysis, PNR significantly correlated with the abundance
and composition of AOB but not AOA, which indicated that
in the period of the wheat-rice rotation system, the AOB
community played a more important role in the ammonia
oxidizing process than AOA. It should be emphasized that a
mere correlation does not indicate the ecological importance
of AOA and AOB on nitrification activities in the field
(Leininger et al., 2006). DNA-based stable isotope probing
proved to be a powerful tool for deciphering the ecological
meaning of ammonia oxidizers in vertical profiles of paddy
soils (Jia and Conrad, 2009; Xia et al., 2011). Ammonia
oxidation by ammonia-oxidizers is the first and rate-limiting
step of nitrification, which is a critical process in the global
N-cycle (Falkowski et al., 2008). Our results indicated that
inputs of organic-N had a small impact on AOB abundance,
which might cause organic fertilizers to be efficient, as more
of the N source will be absorbed by crops (especially the
ammonium-philic crops i.e., rice) rather than oxidized by
microorganisms.
CONCLUSIONS
In summary, our results revealed that the forms of N fertilization
determined the abundance and composition of AOB. The higher
urea-N inputs caused higher AOB abundance, while organic-N
input had less of an effect on AOB. T-RFLP of AOB revealed
that CF and OIMF treatments increased the relative abundance
of 109 bp T-RF (Nitrosospira cluster 3b) but decreased the
relative abundance of 280 bp T-RF (Nitrosospira cluster 3c). On
the contrary, the AOA were not as sensitive to fertilizations as
compared with AOB. The tight relationship between PNR and
AOB, but not AOA, indicated that AOB plays a dominant role in
the ammonia oxidizing process of the wheat-rice rotation system.
Our study provided insights into the potential of managing N for
sustainable agricultural productivity in terms of soil ammonia-
oxidizers.
AUTHOR CONTRIBUTIONS
JW, LN, YS, and JL performed the majority of the experiments.
JW and GR wrote the main manuscript text. QH and QS
contributed insightful discussions. All authors reviewed and
contributed to the manuscript.
ACKNOWLEDGMENTS
This work was financially supported by the National
Basic Research Program of China (2015CB150500 and
2013CB127403), National Nature Science Foundation of
China (31330069), National Natural Science Fund Committee
(31272255) and Jiangsu Science and Technology Department
(BK20150059). We also specially thank Prof. Paolo Nannipieri
of University of Florence for his revision and comments on this
manuscript.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2017.00630/full#supplementary-material
Frontiers in Microbiology | www.frontiersin.org 9 April 2017 | Volume 8 | Article 630
Wang et al. Dynamic of Ammonia-Oxidizers
REFERENCES
Ai, C., Liang, G., Sun, J., Wang, X., He, P., and Zhou, W. (2013). Different roles of
rhizosphere effect and long-term fertilization in the activity and community
structure of ammonia oxidizers in a calcareous fluvo-aquic soil. Soil Biol.
Biochem. 57, 30–42. doi: 10.1016/j.soilbio.2012.08.003
Bru, D., Ramette, A., Saby, N., Dequiedt, S., Ranjard, L., Jolivet, C., et al. (2011).
Determinants of the distribution of nitrogen-cycling microbial communities at
the landscape scale. ISME J. 5, 532–542. doi: 10.1038/ismej.2010.130
Bruns, M. A., Stephen, J. R., Kowalchuk, G. A., Prosser, J. I., and Paul,
E. A. (1999). Comparative diversity of ammonia oxidizer 16S rRNA gene
sequences in native, tilled, and successional soils. Appl. Environ. Microbiol. 65,
2994–3000.
Ceccherini, M. T., Ascher, J., Pietramellara, G., Mocali, S., Viti, C., and Nannipieri,
P. (2007). The effect of pharmaceutical waste-fungal biomass, treated to degrade
DNA, on the composition of eubacterial and ammonia oxidizing populations of
soil. Biol. Fert. Soils 44, 299–306. doi: 10.1007/s00374-007-0204-z
Chen, X. P., Zhu, Y. G., Xia, Y., Shen, J. P., andHe, J. Z. (2008). Ammonia-oxidizing
archaea: important players in paddy rhizosphere soil? Environ. Microbiol. 10,
1978–1987. doi: 10.1111/j.1462-2920.2008.01613.x
Chen, X., Zhang, L.-M., Shen, J.-P., Wei, W.-X., and He, J.-Z. (2011). Abundance
and community structure of ammonia-oxidizing archaea and bacteria in
an acid paddy soil. Biol. Fert. Soils 47, 323–331. doi: 10.1007/s00374-011-
0542-8
Chu, H., Fujii, T., Morimoto, S., Lin, X., and Yagi, K. (2008). Population
size and specific nitrification potential of soil ammonia-oxidizing bacteria
under long-term fertilizer management. Soil Biol. Biochem. 40, 1960–1963.
doi: 10.1016/j.soilbio.2008.01.006
Chu, H., Fujii, T., Morimoto, S., Lin, X., Yagi, K., Hu, J., et al. (2007). Community
structure of ammonia-oxidizing bacteria under long-term application of
mineral fertilizer and organic manure in a sandy loam soil. Appl. Environ.
Microbiol. 73, 485–491. doi: 10.1128/AEM.01536-06
Chu, H., Morimoto, S., Fujii, T., Yagi, K., and Nishimura, S. (2009). Soil
ammonia-oxidizing bacterial communities in paddy rice fields as affected
by upland conversion history. Soil Sci. Soc. Am. J. 73, 2026–2031.
doi: 10.2136/sssaj2009.0018
Dawe, D., Frolking, S., and Li, C. (2004). Trends in rice–wheat area in China. Field
Crop Res. 87, 89–95. doi: 10.1016/j.fcr.2003.08.008
Di, H. J., Cameron, K. C., Shen, J.-P., Winefield, C. S., O’Callaghan, M.,
Bowatte, S., et al. (2010). Ammonia-oxidizing bacteria and archaea grow
under contrasting soil nitrogen conditions. FEMS Microbiol. Ecol. 72, 386–394.
doi: 10.1111/j.1574-6941.2010.00861.x
Erguder, T. H., Boon, N., Wittebolle, L., Marzorati, M., and Verstraete,
W. (2009). Environmental factors shaping the ecological niches
of ammonia-oxidizing archaea. FEMS Microbiol. Rev. 33, 855–869.
doi: 10.1111/j.1574-6976.2009.00179.x
e Silva, M. C. P., Semenov, A. V., Schmitt, H., van Elsas, J. D., and Salles,
J. F. (2013). Microbe-mediated processes as indicators to establish the
normal operating range of soil functioning. Soil Biol. Biochem. 57, 995–1002.
doi: 10.1016/j.soilbio.2012.10.002
Falkowski, P. G., Fenchel, T., and Delong, E. F. (2008). The microbial
engines that drive Earth’s biogeochemical cycles. Science 320, 1034–1039.
doi: 10.1126/science.1153213
Fierer, N., Carney, K. M., Horner-Devine, M. C., and Megonigal, J. P. (2009). The
biogeography of ammonia-oxidizing bacterial communities in soil. Microbiol.
Ecol. 58, 435–445. doi: 10.1007/s00248-009-9517-9
Francis, C. A., Roberts, K. J., Beman, J. M., Santoro, A. E., and Oakley, B. B.
(2005). Ubiquity and diversity of ammonia-oxidizing archaea in water columns
and sediments of the ocean. Proc. Natl. Acad. Sci. U.S.A. 102, 14683–14688.
doi: 10.1073/pnas.0506625102
Fujii, C., Nakagawa, T., Onodera, Y., Matsutani, N., Sasada, K., Takahashi, R., et al.
(2010). Succession and community composition of ammonia-oxidizing archaea
and bacteria in bulk soil of a Japanese paddy field. Soil Sci. Plant Nutr. 56,
212–219. doi: 10.1111/j.1747-0765.2010.00449.x
Hai, B., Diallo, N. H., Sall, S., Haesler, F., Schauss, K., Bonzi, M., et al. (2009).
Quantification of key genes steering the microbial nitrogen cycle in the
rhizosphere of sorghum cultivars in tropical agroecosystems. Appl. Environ.
Microbiol. 75, 4993–5000. doi: 10.1128/AEM.02917-08
Harter, J., Krause, H.-M., Schuettler, S., Ruser, R., Fromme, M., Scholten, T., et al.
(2014). Linking N2O emissions from biochar-amended soil to the structure
and function of the N-cycling microbial community. ISME J. 8, 660–674.
doi: 10.1038/ismej.2013.160
He, J. Z., Shen, J. P., Zhang, L. M., Zhu, Y. G., Zheng, Y. M., Xu, M. G., et al.
(2007). Quantitative analyses of the abundance and composition of ammonia-
oxidizing bacteria and ammonia-oxidizing archaea of a Chinese upland red
soil under long-term fertilization practices. Environ. Microbiol. 9, 2364–2374.
doi: 10.1111/j.1462-2920.2007.01358.x
Herrmann, M., Saunders, A. M., and Schramm, A. (2008). Archaea dominate
the ammonia-oxidizing community in the rhizosphere of the freshwater
macrophyte Littorella uniflora. Applied Environ. Microbiol. 74, 3279–3283.
doi: 10.1128/AEM.02802-07
Höfferle, Š., Nicol, G. W., Pal, L., Hacin, J., Prosser, J. I., and Mandic´-Mulec, I.
(2010). Ammonium supply rate influences archaeal and bacterial ammonia
oxidizers in a wetland soil vertical profile. FEMS Microbiol. Ecol. 74, 302–315.
doi: 10.1111/j.1574-6941.2010.00961.x
Jia, Z., and Conrad, R. (2009). Bacteria rather than Archaea dominate microbial
ammonia oxidation in an agricultural soil. Environ. Microbiol. 11, 1658–1671.
doi: 10.1111/j.1462-2920.2009.01891.x
Ke, X., Angel, R., Lu, Y., and Conrad, R. (2013). Niche differentiation of ammonia
oxidizers and nitrite oxidizers in rice paddy soil. Environ. Microbiol. 15,
2275–2292. doi: 10.1111/1462-2920.12098
Kelly, J. J., Policht, K., Grancharova, T., and Hundal, L. S. (2011). Distinct
responses in ammonia-oxidizing archaea and bacteria after addition of
biosolids to an agricultural soil. Appl. Environ. Microbiol. 77, 6551–6558.
doi: 10.1128/AEM.02608-10
Könneke, M., Bernhard, A. E., José, R., Walker, C. B., Waterbury, J. B., and Stahl,
D. A. (2005). Isolation of an autotrophic ammonia-oxidizing marine archaeon.
Nature 437, 543–546. doi: 10.1038/nature03911
Kowalchuk, G. A., and Stephen, J. R. (2001). Ammonia-oxidizing bacteria: a
model for molecular microbial ecology. Annu. Rev. Microbio. 55, 485–529.
doi: 10.1146/annurev.micro.55.1.485
Kurola, J., Salkinoja-Salonen, M., Aarnio, T., Hultman, J., and Romantschuk, M.
(2005). Activity, diversity and population size of ammonia-oxidising bacteria
in oil-contaminated landfarming soil. FEMS Microbiol. Lett. 250, 33–38.
doi: 10.1016/j.femsle.2005.06.057
Lage, M. D., Reed, H. E., Weihe, C., Crain, C. M., and Martiny, J. B.
(2010). Nitrogen and phosphorus enrichment alter the composition of
ammonia-oxidizing bacteria in salt marsh sediments. ISME J. 4, 933–944.
doi: 10.1038/ismej.2010.10
Leininger, S., Urich, T., Schloter, M., Schwark, L., Qi, J., Nicol, G., et al. (2006).
Archaea predominate among ammonia-oxidizing prokaryotes in soils. Nature
442, 806–809. doi: 10.1038/nature04983
Liesack, W., Schnell, S., and Revsbech, N. P. (2000). Microbiology
of flooded rice paddies. FEMS Microbiol. Rev. 24, 625–645.
doi: 10.1111/j.1574-6976.2000.tb00563.x
McTavish, H., Fuchs, J. A., and Hooper, A. B. (1993). Sequence of the gene
coding for ammonia monooxygenase in Nitrosomonas europaea. J. Bacteriol.
175, 2436–2444. doi: 10.1128/jb.175.8.2436-2444.1993
Nicol, G. W., Leininger, S., Schleper, C., and Prosser, J. I. (2008). The influence
of soil pH on the diversity, abundance and transcriptional activity of
ammonia oxidizing archaea and bacteria. Environ. Microbiol. 10, 2966–2978.
doi: 10.1111/j.1462-2920.2008.01701.x
Nicol, G. W., and Schleper, C. (2006). Ammonia-oxidising Crenarchaeota:
important players in the nitrogen cycle? Trends Microbiol. 14, 207–212.
doi: 10.1016/j.tim.2006.03.004
Noll, M., Matthies, D., Frenzel, P., Derakshani, M., and Liesack, W.
(2005). Succession of bacterial community structure and diversity
in a paddy soil oxygen gradient. Environ. Microbiol. 7, 382–395.
doi: 10.1111/j.1462-2920.2005.00700.x
Peng, X., Yando, E., Hildebrand, E., Dwyer, C., Kearney, A., Waciega, A., et al.
(2013). Differential responses of ammonia-oxidizing archaea and bacteria to
long-term fertilization in a New England salt marsh. Front. Microbiol. 3:445.
doi: 10.3389/fmicb.2012.00445
Prosser, J. I., and Nicol, G. W. (2008). Relative contributions of archaea and
bacteria to aerobic ammonia oxidation in the environment. Environ. Microbiol.
10, 2931–2941. doi: 10.1111/j.1462-2920.2008.01775.x
Frontiers in Microbiology | www.frontiersin.org 10 April 2017 | Volume 8 | Article 630
Wang et al. Dynamic of Ammonia-Oxidizers
Prosser, J. I., and Nicol, G. W. (2012). Archaeal and bacterial ammonia-oxidisers
in soil: the quest for niche specialisation and differentiation. Trends Microbiol.
20, 523–531. doi: 10.1016/j.tim.2012.08.001
Revsbech, N. P., Pedersen, O., Reichardt, W., and Briones, A. (1999). Microsensor
analysis of oxygen and pH in the rice rhizosphere under field and laboratory
conditions. Biol. Fertil. Soils 29, 379–385. doi: 10.1007/s003740050568
Santoro, A. E., Francis, C. A., De Sieyes, N. R., and Boehm, A. B. (2008). Shifts
in the relative abundance of ammonia-oxidizing bacteria and archaea across
physicochemical gradients in a subterranean estuary. Environ. Microbiol. 10,
1068–1079. doi: 10.1111/j.1462-2920.2007.01547.x
Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M.,
Hollister, E. B., et al. (2009). Introducing mothur: open-source, platform-
independent, community-supported software for describing and comparing
microbial communities. Appl. Environ. Microbiol. 75, 7537–7541.
doi: 10.1128/AEM.01541-09
Schütte, U. M., Abdo, Z., Bent, S. J., Shyu, C., Williams, C. J., Pierson, J. D.,
et al. (2008). Advances in the use of terminal restriction fragment length
polymorphism (T-RFLP) analysis of 16S rRNA genes to characterize microbial
communities. Appl. Microbiol. Biotechnol. 80, 365–380. doi: 10.1007/s00253-
008-1565-4
Shen, J. P., Zhang, L. M., Di, H. J., and He, J. Z. (2012). A review of ammonia-
oxidizing bacteria and archaea in Chinese soils. Front. Microbiol. 3:296.
doi: 10.3389/fmicb.2012.00296
Shen, J. P., Zhang, L. M., Zhu, Y. G., Zhang, J. B., and He, J. Z. (2008).
Abundance and composition of ammonia-oxidizing bacteria and ammonia-
oxidizing archaea communities of an alkaline sandy loam. Environ. Microbiol.
10, 1601–1611. doi: 10.1111/j.1462-2920.2008.01578.x
Simon, H. M., Dodsworth, J. A., and Goodman, R. M. (2000). Crenarchaeota
colonize terrestrial plant roots. Environ. Microbiol. 2, 495–505.
doi: 10.1046/j.1462-2920.2000.00131.x
Stopnišek, N., Gubry-Rangin, C., Höfferle, Š., Nicol, G. W., Mandicˇ-Mulec, I., and
Prosser, J. I. (2010). Thaumarchaeal ammonia oxidation in an acidic forest peat
soil is not influenced by ammonium amendment. Appl. Environ. Microbiol. 76,
7626–7634. doi: 10.1128/AEM.00595-10
Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGA6:
molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30,
2725–2729. doi: 10.1093/molbev/mst197
Team, R. C. (2014). R: A Language and Environment for Statistical Computing.
Vienna: Team, RC.
Tourna, M., Freitag, T. E., Nicol, G. W., and Prosser, J. I. (2008). Growth,
activity and temperature responses of ammonia-oxidizing archaea
and bacteria in soil microcosms. Environ. Microbiol. 10, 1357–1364.
doi: 10.1111/j.1462-2920.2007.01563.x
Treusch, A. H., Leininger, S., Kletzin, A., Schuster, S. C., Klenk, H. P., and Schleper,
C. (2005). Novel genes for nitrite reductase and Amo-related proteins indicate
a role of uncultivated mesophilic crenarchaeota in nitrogen cycling. Environ.
Microbiol. 7, 1985–1995. doi: 10.1111/j.1462-2920.2005.00906.x
Wang, J., Wang, W., and Gu, J.-D. (2014a). Community structure and abundance
of ammonia-oxidizing archaea and bacteria after conversion from soybean to
rice paddy in albic soils of Northeast China. Appl. Microbiol. Biotechnol. 98,
2765–2778. doi: 10.1007/s00253-013-5213-2
Wang, J., Xue, C., Song, Y., Wang, L., Huang, Q., and Shen, Q. (2016a).
Wheat and rice growth stages and fertilization regimes alter soil
bacterial community structure, but not diversity. Front. Microbiol. 7:1207.
doi: 10.3389/fmicb.2016.01207
Wang, J., Zhang, D., Zhang, L., Li, J., Raza, W., Huang, Q., et al. (2016b). Temporal
variation of diazotrophic community abundance and structure in surface and
subsoil under four fertilization regimes during a wheat growing season. Agr
Ecosyst. Environ. 216, 116–124. doi: 10.1016/j.agee.2015.09.039
Wang, J., Zhang, L., Lu, Q., Raza, W., Huang, Q., and Shen, Q. (2014b). Ammonia
oxidizer abundance in paddy soil profile with different fertilizer regimes. Appl.
Soil Ecol. 84, 38–44. doi: 10.1016/j.apsoil.2014.06.009
Wang, Y.-F., and Gu, J.-D. (2013). Higher diversity of ammonia/ammonium-
oxidizing prokaryotes in constructed freshwater wetland than natural
coastal marine wetland. Appl. Microbiol. Biotechnol. 97, 7015–7033.
doi: 10.1007/s00253-012-4430-4
Wang, Y., Ke, X., Wu, L., and Lu, Y. (2009). Community composition of
ammonia-oxidizing bacteria and archaea in rice field soil as affected by nitrogen
fertilization. Syst. Appl. Microbiol. 32, 27–36. doi: 10.1016/j.syapm.2008.09.007
Wessén, E., Nyberg, K., Jansson, J. K., and Hallin, S. (2010). Responses of
bacterial and archaeal ammonia oxidizers to soil organic and fertilizer
amendments under long-term management. Appl. Soil Ecol. 45, 193–200.
doi: 10.1016/j.apsoil.2010.04.003
Wu, Y., Lu, L., Wang, B., Lin, X., Zhu, J., Cai, Z., et al. (2011). Long-term field
fertilization significantly alters community structure of ammonia-oxidizing
bacteria rather than archaea in a paddy soil. Soil Sci. Soc. Am. J. 75, 1431–1439.
doi: 10.2136/sssaj2010.0434
Xia, W., Zhang, C., Zeng, X., Feng, Y., Weng, J., Lin, X., et al. (2011). Autotrophic
growth of nitrifying community in an agricultural soil. ISME J. 5, 1226–1236.
doi: 10.1038/ismej.2011.5
Xu, M., Schnorr, J., Keibler, B., and Simon, H. M. (2012). Comparative analysis of
16S rRNA and amoA genes from archaea selected with organic and inorganic
amendments in enrichment culture. Appl. Environ. Microbiol. 78, 2137–2146.
doi: 10.1128/AEM.06845-11
Xue, C., Zhang, X., Zhu, C., Zhao, J., Zhu, P., Peng, C., et al. (2016). Quantitative
and compositional responses of ammonia-oxidizing archaea and bacteria to
long-term field fertilization. Sci. Rep. 6:28981. doi: 10.1038/srep28981
Yao, H., Gao, Y., Nicol, G.W., Campbell, C. D., Prosser, J. I., Zhang, L., et al. (2011).
Links between ammonia oxidizer community structure, abundance, and
nitrification potential in acidic soils. Appl. Environ. Microbiol. 77, 4618–4625.
doi: 10.1128/AEM.00136-11
Zhalnina, K., Dörr de Quadros, P., Camargo, F. A. O., and Triplett, E. W. (2012).
Drivers of archaeal ammonia-oxidizing communities in soil. Front. Microbiol.
3:210. doi: 10.3389/fmicb.2012.00210
Zhang, L. M., Hu, H. W., Shen, J. P., and He, J. Z. (2012). Ammonia-
oxidizing archaea have more important role than ammonia-oxidizing bacteria
in ammonia oxidation of strongly acidic soils. ISME J. 6, 1032–1045.
doi: 10.1038/ismej.2011.168
Zhang, L.-M., Offre, P. R., He, J.-Z., Verhamme, D. T., Nicol, G. W., and
Prosser, J. I. (2010). Autotrophic ammonia oxidation by soil thaumarchaea.
Proc. Natl. Acad. Sci. U.S.A. 107, 17240–17245. doi: 10.1073/pnas.10049
47107
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Wang, Ni, Song, Rhodes, Li, Huang and Shen. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Microbiology | www.frontiersin.org 11 April 2017 | Volume 8 | Article 630
